Abstract Chestnut blight caused by the introduced fungus Cryphonectria parasitica has been responsible for the decline of Castanea sativa in Turkey since the 1960s. In this study, 72 C. parasitica isolates were recovered from the Marmara and Black Sea regions of Turkey showing white or cream-coloured culture morphology and were subjected to various tests to determine if they were infected by Cryphonectria hypovirus 1 (CHV-1). The vast majority of the isolates (69 out of 72) were vc type EU-1. Both mating types were found among a subsample of the isolates. The hypovirus was detected in 55 isolates by dsRNA extraction and/or virus specific RT-PCR on total RNA extracts. All but one isolates showed no or only weak phenol oxidase activity on agar medium containing tannic acid, typical of CHV-1 infected isolates. Through sequencing of a specific region of the hypovirus genome, we found that 24 hypovirus isolates belonged to the CHV-1 subtype I and six to the CHV-1 subtype F2. The distribution of the two CHV-1 subtypes in Turkey showed a clear geographic pattern. CHV-1 subtype I was only detected in the Marmara and western Black Sea region, whereas subtype F2 was restricted to the eastern part of the Black Sea region. The effectiveness of 23 hypovirulent isolates was tested against a virulent isolate on 2-3 years old chestnut sprouts. Ten hypovirulent isolates, all infected by CHV-1 subtype I, prevented canker development by more than 80 % suggesting that they might be suitable for biological control of chestnut blight in Turkey.
Introduction
Chestnut blight, caused by the fungus Cryphonec (Anagnostakis 1988) . The disease was first recorded on European chestnut (Castanea sativa Mill.) in Italy in 1938. Chestnut blight spread rapidly and, with few exceptions (e.g. UK), all chestnut growing areas in Europe have become infected by C. parasitica (Robin and Heiniger 2001) . However, many European chestnut stands began to recover from the disease as indicated by the occurrence of superficial non-lethal chestnut blight cankers. This recovery has been attributed to hypovirulence, a phenomenon in which fungal viruses infect C. parasitica and significantly reduce its virulence and sporulation capacity (Grente 1965; Choi and Nuss 1992; Heiniger and Rigling 1994; Milgroom and Cortesi 2004) . Because the viruses are causing hypovirulence in C. parasitica they have been named Cryphonectria hypoviruses (CHV) and were assigned to the virus genus Hypovirus (Hillman et al. 2000) . Although the hypoviruses mostly occur as double-stranded (ds) RNA replicative forms in their host, they essentially are single-strand RNA viruses with only one strand employed in transcription (Choi and Nuss 1992) .
Four members of the genus Hypovirus are known. The best investigated hypovirus is CHV-1, which is the only hypovirus reported in Europe (Allemann et al. 1999; Nuss 2005) . CHV-1 has also been found in Japan and China (Peever et al. 1998; Hillman and Suzuki 2004) . CHV-2 has been reported in North America and China, whereas CHV-3 and CHV-4 have only been found in North America (Hillman and Suzuki 2004) . Infection of C. parasitica by CHV-1 causes a reduction of fungal virulence that can vary depending on the virus isolate and the fungal host strain (Rigling et al. 1989; Peever et al. 2000; Robin et al. 2010; Bryner and Rigling 2011) . Besides reduced virulence, fungal isolates infected by CHV-1 also exhibit reduced pigmentation and reduced sporulation, giving them a typical white cultural appearance. Reduced phenol oxidase (laccase) activity on agar medium containing tannic acid is another easily determinable phenotypic trait of hypovirus-infected C. parasitica isolates (Rigling et al. 1989) .
As with most fungal viruses, there is no known extracellular phase of Cryphonectria hypoviruses. The hypovirus can be disseminated through asexually produced conidia but not through sexually produced ascospores (Anagnostakis 1988; Prospero et al. 2006) . The virus is transmitted horizontally from an infected fungal strain to a non-infected strain via hyphal anastomosis (Van Alfen et al. 1975) . Hyphal fusion and thereby horizontal virus transmission is controlled by a vegetative incompatibility (vic) system involving at least six vic loci ). The hypovirus is easily transmitted between isolates sharing identical alleles at all vic loci, i.e. isolates of the same vegetative compatibility (vc) type. Hypovirus transmission is generally restricted among isolates in different vc types. Low vc type diversity in C. parasitica populations is thought to be an important factor for the success of hypovirulence (Anagnostakis et al. 1986 ). Sexual reproduction is the main source of vc-type diversity through the recombination of polymorphic vic genes (Cortesi and Milgroom 1998) .
In Europe, several subtypes of CHV-1 have been detected using RFLP typing and sequence analysis (Allemann et al. 1999; Gobbin et al. 2003) . The Italian subtype (subtype I) is the most widespread with a distribution range spanning from France, Italy, and Switzerland to south-eastern Europe and Greece (Allemann et al. 1999; Sotirovski et al. 2006; Krstin et al. 2008; Robin et al. 2010; Krstin et al. 2011) . Additional CHV-1 subtypes have been found in France (subtypes F1 and F2) and in Spain and Germany (subtype E/D) (Gobbin et al. 2003; Montenegro et al. 2008) .
Transmissible hypovirulence has been used as the basis for application of biological control of chestnut blight (Anagnostakis 1982; MacDonald and Fulbright 1991) . Such control programs were implemented in France, Italy, and Switzerland (Robin et al. 2000; Milgroom and Cortesi 2004; Heiniger and Rigling 2009 ). Biological control is achieved by treating chestnut blight cankers with selected hypovirus-infected C. parasitica strains that are compatible with the vc types in the local C. parasitica populations. Knowledge of the vc types and hypoviruses present in an area is therefore crucial for successful application of biological control (MacDonald and Fulbright 1991; Heiniger and Rigling 1994; Robin et al. 2010) .
European chestnut is an important tree species in Turkey. The Marmara and Black Sea regions comprise 96.8 % of the total chestnut forests of Turkey, which amount to a total of 200,440 ha. Chestnuts are growing in pure stands (11.3 %), in stands mixed with deciduous trees (73.4 %), and in stands mixed with conifers (9.3 %). Chestnut blight was first reported in Turkey in the 1960s (Delen 1975) . After its introduction, the disease caused considerable damage to the native C. sativa population, particularly in the Marmara Region. Within 20 years, chestnut blight had spread along the mountain range of the Black Sea to the eastern part of the country. To date, chestnut blight is widespread in Turkey and is still causing significant damages to the chestnut forests in spite of the presence of healing cankers (Çeliker and Onoğur 2001; Akilli et al. 2009 ). The C. parasitica populations in Turkey are characterized by a very low diversity of vc types. In all populations investigated in the Marmara and Black Sea regions, EU-1 was the dominant vc type, typically comprising more than 90 % of the isolates (Çeliker and Onoğur 2001; Gürer et al. 2001a, b; Akilli et al. 2009 ). On the other hand, vc type EU-12 was found to be dominant in some parts of the Aegean region (Erincik et al. 2008) .
In Turkey, superficial (healed) cankers, which are a broad indicator of hypovirulence, were first noticed in 1998 near Gölcük in the province Kocaeli where chestnut blight was first recorded (Çeliker and Onoğur 1998) . Later on, superficial cankers were observed in other provinces of the Marmara region and in the Black Sea region (Gürer et al. 2001a, b; Akilli et al. 2009 ). From the healing cankers, white C. parasitica isolates were obtained, which contained dsRNA and were able to convert virulent isolates (Çeliker and Onoğur 1998; Çeliker and Onoğur 2001; Gürer et al. 2001a, b) . Till this day, hypovirulence is largely absent in the Aegean region of Turkey (Çeliker and Onoğur 2001; Erincik et al. 2008) .
In this study we characterized Turkish C. parasitica isolates that exhibited cultural characteristics typical for hypovirus-infected isolates. The isolates were collected in the Marmara and Black Sea regions, which include the main distribution range of European chestnut in Turkey. The main objectives were: (i) to assess the isolates for phenol oxidase activity, a phenotypic trait associated with hypovirus infection; (ii) to test the isolates for the presence of the hypovirus by using dsRNA extraction and PCR based methods; (iii) to determine which subtypes of CHV-1 are present in Turkey; and (iv) to evaluate the effectiveness of hypovirus-infected strains to control virulent C. parasitica.
Materials and methods

Fungal isolates and culture conditions
Two hundred and ninety-six isolates used in this study were recovered from the culture collection obtained in a previous study carried out in 2007-2008 in the Black Sea region of Turkey (Akilli et al. 2009 ) and stored at −80°C at the Department of Plant Protection, Faculty of Agriculture, Ankara University. In addition, 126 isolates obtained from Marmara region were included. All the 420 isolates were first grown on potato dextrose agar (PDA, Difco) amended with biotin and 72 white or cream-coloured isolates were selected for further analysis. The isolates were subjected to a phenoloxidase test and analyzed for the presence of CHV-1 by dsRNA extractions and 57 of them by hypovirusspecific RT-PCR. Vc types of the isolates were determined in the previous studies (Gürer et al. 2001a, b; Akilli et al. 2009 ).
Phenol oxidase test
A total of 70 white or cream-coloured growing isolates, 57 from Black Sea region and 13 from Marmara region, were subjected to phenol oxidase (laccase) test. The test was performed by growing the isolates on agar medium containing tannic acid (Bavendamm's medium) as described by Rigling et al. (1989) . A dark discolouration of the agar medium was considered as phenol oxidase positive, which indicates a virulent reaction while no colour change indicates hypovirulent reaction (Rigling et al. 1989 ).
Isolation of hypovirus dsRNA Double-stranded RNA was extracted from cultures grown in potato dextrose broth in Petri dishes for one week at 25°C. Mycelia grown in culture were dried between paper towels and around 6-8 g were immediately used for isolations. The dsRNA was extracted using cellulose CF-11 chromatography as described by Allemann et al. (1999) . A known dsRNA-containing isolate of C. parasitica obtained from Tullio Turchetti (Institute of Forest Tree Pathology, National Research Council; Firenze, Italy) was included as a control in each preparation. The quantity and quality of the dsRNA preparations were examined by agarose (1 %) gel electrophoresis.
Total RNA extraction
About 100 mg mycelium of C. parasitica, prepared as described above, was grinded in liquid nitrogen and 5 volume buffer (200 mM Tris-HCl pH 8.5, 1.5 % SDS, 300 mM lithium chloride, 10 mM EDTA, 1 % sodium deoxycholate, 1 % Igepal and 0.5 % mercaptoethanol) was added to each sample (Spiegel et al. 1996) . The extract was collected and heated for 15 min at 65°C. One volume of 6 M potasium acetate pH 6.5 was added and the tubes were kept on ice for 15 min. After centrifugation at 12,000×g for 15 min, the supernatant was removed and nucleic acids were precipitated with isopropanol. The pellet was resuspended in 50 μl sterile water and stored at −80°C.
First strand cDNA synthesis and polymerase chain reaction (PCR) First strand cDNA was synthesized from 100 ng dsRNA or total RNA using random hexanucleotide primers. PCR was performed using different sets of virus specific primers, which all were known to amplify different subtypes of CHV-1. A region in open reading frame A (ORF A) was amplified with primer set A (EP 713-5/R2280) and one region in ORF B with primer set B (EP 713-6/EP 713-7) as described by Allemann et al. (1999) . Another primer set was specific for a region in the helicase domain of ORF B (OB-10193F/OB-11161R), and one for a region in ORF A (OA-427F/OA-1323R) as described by Griffin et al. (2004) . PCR amplification was carried out in 50 μl of reaction mixture containing cDNA template (about 1 μl), primer pairs (0.8 μM each), 200 μM dNTPs, 1.5 mM MgCl 2 , 10 × reaction buffer (final concentration of 10 mM Tris-HCl pH 8.8, 50 mM KCl and 0.08 % Nonidet P40), 1 U of Taq DNA polymerase (MBI Fermentas, Germany). The thermal cycling conditions of the reaction for the first two primer sets was as follows: 2 min at 94°C, 40 cycles of 1 min at 94°C, 1.5 min at 50°C and 2 min at 72°C, and 8 min at 72°C for final extension. For the other primer sets, the cycling was performed using 58°C for annealing and 68°C for extension. The PCR products were fractionated by electrophoresis in a 1 % agarose gel, stained with ethidium bromide and visualized under UV.
Phylogenetic analysis and subtype determination
To determine the subtype of the CHV-1 isolates, we sequenced the PCR products of the ORF A region on both strands using the primers hvep1 and hvep2 (Gobbin et al. 2003) . Assembled sequences were aligned using Clustal W (Thompson el al. 1994 ). Sequences of previously reported subtypes I, F1, F2, D and E deposited in the GenBank (Accession numbers: AJ577160, AJ577168, AJ577170, AJ577173 and AJ577172, respectively) were included for comparison. The alignments were used to reconstruct phylogenetic trees using the neighbour-joining method with nucleotide identity distances in program MEGA 4.0 (Tamura et al. 2007 ). Bootstrap analyses with 1,000 replicates were performed to estimate the support for inferred phylogenies (Felsenstein 1985) .
Effectiveness of hypovirulent isolates
The effectiveness, as biological control agents, of 23 hypovirulent isolates (based on dsRNA analysis) of vc type EU-1 was tested against an aggressive C. parasitica isolate (isolate K-19) of the same vc type on 3-year-old chestnut sprouts by stem inoculation with five replications. First, mycelium of the virulent isolate (taken as agar plug from a PDAmb culture) was placed into the holes (0.5 cm diameter) drilled into the stems (one hole per sprout). Immediately afterwards mycelium of the hypovirulent isolate was placed into the same hole onto the mycelium of the virulent isolate. Inoculation points were wrapped with wet cotton and then sealed with parafilm. Canker lengths were measured after 6 months and effectiveness of the application was calculated by comparing the canker sizes to control inoculations with only the virulent isolate.
Determination of mating types
The mating type of a subsample of the isolates was determined by a multiplex polymerase chain reaction (MPCR) assay, which was performed with the specific primers M1-GS1n and M1-GS3-rev for MAT-1 and M2-GS3 and gs1-d-1 for MAT-2 (Marra and Milgroom 2001) .
Results
In total, 420 isolates of Cryphonectria parasitica obtained from 12 provinces of Marmara and Black Sea regions of Turkey (Fig. 1) were subjected to various tests for hypovirulence. These isolates were first grown on PDAmb to assess their cultural appearance. Seventy-two isolates (16.9 %) showed whitish or cream-coloured culture morphology on this medium and were further characterized (Table 1) . Among these 72 isolates, 69 belonged to vc type EU-1, two to EU-12, and one to EU-5. Out of 45 white isolates tested for phenol oxidase activity, 43 produced no colour reaction when grown on the tannic acid medium. Among the 25 cream-coloured isolates, eight gave no colour reaction and thirteen a weak reaction. Only one white and four cream-coloured isolates showed a strong phenol oxidase activity, which is typical for virulent C. parasitica isolates. A high molecular weight dsRNA was detected in 43 out of 46 white isolates and in six out of 25 cream-coloured isolates. The size of all the dsRNAs was approximately 13 kbp (Fig. 2) . Only one cream-coloured isolate yielding dsRNA gave a strong phenol oxidase reaction. The white growing isolate showing a positive reaction for phenol oxidase did not yield dsRNA.
Total RNA was extracted from 57 C. parasitica isolates and used to generate cDNA. The presence of the Cryphonectria hypovirus 1 (CHV-1) was verified in 40 isolates by PCR using specific primer pairs for the virus (Table 1, Figs. 3 and 4) . The majority of the isolates (n 026) amplified a PCR product of the expected size with all four primer pairs. Nine isolates were positive with two to three primer pairs. All isolates yielding dsRNA also tested virus-positive by RT-PCR. In addition, virus-specific PCR amplifications were obtained from six more isolates in which dsRNA was not detected (Table 1) . These results might be due to the strength of the PCR technique, which can amplify a small amount of cDNA.
A portion of the hypovirus genome was sequenced from 30 hypoviral dsRNAs. Phylogenetic analysis of these sequences revealed that 24 hypoviruses belonged to the Italian subtype (subtype I) of CHV-1 (Fig. 5) . Together with the reference sequence of subtype I, they formed a large cluster, which was separated from the other hypoviruses with high bootstrap support (99 %). Six hypoviruses from Turkey grouped with the reference sequence in the subtype F2 and were assigned to this subtype (Fig. 5, Table 1 ). CHV-1 subtype I was dominant in the western part of our study area, while subtype F2 was mainly found in the eastern part of the Black Sea region, namely in the provinces Ordu, Trabzon, Rize and Artvin (Fig. 1) . Only one hypovirus in subtype F2 was found west of Ordu, in Sinop, which is located in the centre of the Black Sea region.
Fifty two randomly selected C. parasitica isolates from the Black Sea region were analysed for mating types. Both mating types were found in this region and the ratio of MAT1/MAT2 was 1.79. This ratio was 2.52 for the 25 hypovirulent isolates tested (Table 1) .
The effectiveness of 23 hypovirulent isolates all belonging to vc type EU-1, was tested against an aggressive isolate (K-19) on 3-year-old chestnut sprouts. Twenty of the 23 isolates were infected by a Fig. 1 Provinces in the Marmara and Black Sea regions of Turkey where Cryphonectria parasitica isolates were collected and occurrence of CHV-1 subtype I and F2 in the different provinces 
Cr cream colored; W white; WR weak reaction; NR no reaction; R, normal reaction; nt not tested hypovirus in subtype I and three by a hypovirus in subtype F2. The effectiveness of the hypovirulent isolates ranged from 100 % to 38 % (Table 1) . Ten hypovirulent isolates, all with CHV-1 subtype I, prevented canker development by more than 80 %. The three isolates with subtype F2 were among the less effective isolates.
Discussion
Identification of hypovirus-infected C. parasitica isolates based on dsRNA extractions is a rather laborious and time-consuming process. For this reason we carried out hypovirus specific PCR on cDNA generated from total RNA extracts and compared this method with the standard dsRNA extraction. Both methods gave the same results in the vast majority (51 out of 57) of the isolates. Thirty-five isolates were tested double positive and 16 double negative by both dsRNA extractions and PCR. This result suggests that hypovirus-infected isolates can be identified by the PCR based method. This method provides a sensitive and convenient test to screen C. parasitica isolates for the presence of CHV-1. It requires a small amount of mycelia and eliminates the time consuming procedure Fig. 2 Double-stranded RNA bands extracted from hypovirulent isolates of the chestnut blight fungus, Cryphonectria parasitica in Turkey. Bu41, S13, and H2 represent CHV-1 subtype I and TR49, TB32, and TB34 CHV-1 subtype F2. CH is a hypovirus isolate from Switzerland in subtype I, which was included as a reference in this agarose gel. M, DNA marker (Lambda DNA digested with HindIII) Fig. 3 Amplified fragments from total RNA extracted from Cryphonectria parasitica isolates using primer pair EP713-5 and R2280 for a region in ORF A of the hypovirus genome (above) and EP713-6 and EP713-7 for a region in ORF B (below). The lengths of the amplicons are 1,439 bp for ORF A and 1,702 bp for ORF B. The isolate B-1 is cream coloured, dsRNA negative but PCR positive of dsRNA isolation. To reduce false-negative results, virus-specific PCRs for different regions of the viral genome can be used. Phenol oxidase tests were also significantly correlated with dsRNA analysis and this method could be applied easily in most laboratories. However, this method does not provide any other useful information about the hypoviruses. Culture morphology gave a broad idea about hypovirulence but in our study it did not always indicate the presence of hypovirulence. The white culture morphology was generally a better indicator for hypovirus infection than the creamcoloured morphology. In fact, only 4.3 % of the white isolates were tested hypovirus-negative compared to 44 % of the cream-coloured isolates. Six out of 25 cream coloured isolates, yielded dsRNA and a positive RT-PCR reaction. Five of the remaining 19 isolates were dsRNA negative but also produced a PCR positive reaction. PCR bands of these isolates were weak compared to the isolates in which dsRNA was detected. These results may suggest that CHV-1 is present in most of the cream-coloured isolates but the virus concentrations are below the detection limits even when using the PCR assays. Alternatively, some of the cream-coloured isolates might contain a hypovirus, which cannot be detected by PCR because of low sequence similarity with the known CHV-1 subtypes used for designing the PCR primers.
Phylogenetic analysis grouped the hypoviruses from Turkey into two main clusters together with the reference isolates of the CHV-1 subtype I or F2. This result indicates that two different CHV-1 subtypes occur in the C. parasitica population in Turkey, namely the Italian subtype I and the French subtype F2. CHV-1 isolates clustering in subtype I were clearly separated from other subtypes with high bootstrap value supporting the result of Gobbin et al. (2003) . Isolates in subtype F2 also formed a distinct cluster supported by high bootstrap value. In the study of Gobbin et al. (2003) , grouping of subtype F2 isolates was not consistent in all the phylogenetic analyses. The finding of four additional isolates in subtype F2 in our study might have provided the much clearer clustering found in our analysis.
All CHV-1 isolates from the Marmara region and most from the Black Sea region were in subtype I suggesting that this subtype is most widespread in Turkey. Similarly, in Europe CHV-1 subtype I is the (Gobbin et al. 2003) . Considering that the chestnut blight epidemic arrived more recently in Turkey, it is most likely that the CHV-1 subtype I found in Turkey originates from Europe. In accordance with this hypothesis, the dominant vc type in Turkey (EU-1) is also frequent in many European areas (e.g. Switzerland, Italy, France, and eastern Europe) where CHV-1 subtype I occurs (Gobbin et al. 2003; Carbone et al. 2004; Krstin et al. 2008; Robin et al. 2010) . Very likely, subtype I was introduced into Turkey together with its fungal host of vc type EU-1.
The finding of CHV-1 subtype F2 in Turkey is surprising. Until now this subtype was only found in a few C. parasitica isolates in France (Gobbin et al. Fig. 5 Phylogenetic tree of a partial nucleotide sequence from ORF A of Cryphonectria hypovirus 1 (CHV-1) isolates from Black Sea and Marmara Regions of Turkey. Bootstrap consensus tree was constructed using the Neighbour-Joining method. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (500 replicates) are shown next to the branches. E3, E71, E55, E57, E72 and E71 are reference sequences for the different CHV-1 subtypes (Gobbin et al. 2003) and were taken from Genbank with the accession numbers of AJ577160, AJ577168, AJ577170, AJ577173 and AJ577172, respectively 2003; Robin et al. 2010 ) and we can only speculate about its origin in the eastern part of Turkey. Possibly, subtype F2 was introduced with C. parasitica-infected plant material from France into this area. However, cultivation of chestnut in orchards and grafting are very rare in eastern Turkey and to our knowledge there is no evidence for any imports of chestnut plants or wood from France. Alternatively, subtype F2 could have migrated from neighbouring Georgia into eastern Turkey. C. parasitica is known to occur in Georgia and other areas in the Caucasus, however, its population structure and occurrence of hypovirulence have yet to be investigated.
The present study showed that hypovirulence is scattered across a wide area in the Marmara and Black Sea regions of Turkey and it occurs in the most frequent vc types of C. parasitica. This situation is to some extent hopeful to start biological control of chestnut blight since hypovirulence is not widespread throughout the country. Our study further indicates that hypovirulent isolates originating from Turkey have the potential to be used as biological control agents. By testing the effectiveness of many hypovirulent isolates in situ we could identify several isolates with a promising curative capacity. Each of these isolates, which showed medium to high curative potential (>60 % effectiveness) belonged to subtype I. Although only a few isolates in subtype F2 were tested, this finding could indicate that subtype I is more effective as a biological control agent than subtype F2. Our study provides the basis for further hypovirulence testing, which should evaluate both the curative and dissemination potential of selected hypovirulent isolates in the field.
